Twenty-three sequence haplotypes spanning the boundary of the second exon and intron of a red-winged blackbird Mhc class II B gene, Agph-DAB1, are presented. The polymorphism of the exon segment is distributed in two divergent allelic lineages which appear to be maintained by balancing selection. The silent nucleotide diversity of the exon ( ϭ 0.101) is more than five times that of the intron ( ϭ 0.018) and decays rapidly across the exonintron boundary. Additionally, genealogical reconstruction indicates that divergence from a common ancestor in the exon sample is over four times that of the intron. The intron sequences reveal a pattern of polymorphism which is characteristic of directional selection, rather than a pattern expected from linkage to a balanced polymorphism. These results suggest that the evolutionary histories of these two adjacent regions have been disassociated by recombination or gene conversion. The estimated population recombination parameter between the exon and the intron is sufficiently high (4N e c ϭ 8.545 ) to explain the homogenization of intron sequences. Compatibility analyses estimate that these events primarily occur from the exon-intron boundary to about 20-30 bases into the intron. Additionally, the observation that divergent exon alleles share identical intron sequence supports the conclusion of disassociation of exon and intron evolutionary histories by recombination.
Introduction
The major histocompatibility complex (Mhc) is a large multigene family that encodes glycoproteins which mediate the specificity of the vertebrate adaptive immune response. Class II Mhc proteins are expressed only in antigen-presenting cells, such as macrophages. The function of these proteins is to bind truncated foreign peptides ingested by the cell and present them to helper T cells. Interleukins secreted by the antigen-presenting cell stimulate cloning of the helper T cells that bind the antigen, which, in the humoral response, causes B cells to transform into antibody-producing plasma cells. The secondary structure of the extracellular domain of each of the two chains (␣ and ␤) comprising class II molecules consists of an ␣ helix and a ␤ pleated sheet. A number of key residues in these regions influence the peptide-binding capabilities of the MHC protein and are encoded by codons known as peptide-binding region (PBR) codons (see Klein et al. [1993] and Edwards and Hedrick [1998] for reviews of Mhc biology).
Within many vertebrate populations, the PBR codons are known to be highly polymorphic at numerous ''classical'' Mhc loci. Investigation of some class II loci, such as HLA-DRB1 in humans, reveals at least 179 alleles segregating in the population (Parham and Ohta 1996) . Various forms of balancing selection have been proposed as the mechanism for maintaining these extreme levels of polymorphism (Hedrick and Thomson 1983) . Two phenomena are hallmarks of Mhc polymorphism: first, there are a large number of alleles segregating in a population, and second, many alleles persist over an unusually large number of generations. Takahata (1990) has estimated that a sample of rodent Mhc alleles coalesce at about 260N e generations, rather than the 4N e generations expected for a neutral locus (N e is the effective population size).
If these explanations of Mhc polymorphism are correct, one would predict that a neutral region linked to the PBR codons will exhibit levels of polymorphism much higher than that expected by random drift alone. Similarly, one would also predict that this elevated polymorphism will decay as recombination increasingly separates the histories of the two regions, and that regions effectively unlinked to the selected sites will exhibit neutral or nearly neutral levels of polymorphism (Takahata and Satta 1998) . In this way, the extent of polymorphism in a neutral region closely linked to the PBR, such as introns, will depend on the intensity of selection in the PBR, effective population size, rate of recombination, and the rate of point mutation as recently illustrated for the human HLA-H pseudogene by Grimsley, Mather, and Ober (1998) .
The majority of Mhc class II ␤-chain polymorphism studies focus on the second exon, which contains all of the PBR codons. While these data are critical for describing the forces of selection which mold PBR polymorphism, determination of noncoding sequences flanking the PBR exons is equally important in understanding the full spectrum of evolutionary dynamics acting on the exon (Graser et al. 1996) . Based on data from both introns flanking the PBR exon and the PBR exon itself, Bergström et al. (1998) have suggested that many of the human DRB1 alleles are not ancient balanced polymorphisms, but a great deal of the allelic diversity has been recently generated. While there was evidence in their study that some serologically distinct groups of alleles are maintained over extended periods by selection, within each of these groups there was significantly lower variation in the flanking introns than predicted by the variation of the closely linked exons. The authors concluded that genetic mechanisms such as gene conversion 1600 Garrigan and Edwards have diversified short segments only in the exons within allelic lineages.
The present study surveys polymorphism in the PBR exon and second intron of a recently characterized Mhc class II B gene in red-winged blackbirds (Agelaius phoeniceus), Agph-DAB1 (Edwards, Gasper, and March 1998) . The Agph-DAB1 locus encodes a ␤-chain from a class II molecule and is believed to be highly polymorphic. However, despite characterization of the genomic sequence in and around the PBR exon, Edwards, Gasper, and March (1998) were unable to selectively amplify a single locus with primers placed in regions immediately flanking this exon, but, rather, appeared to amplify multiple loci. This result was likely due to the large number of Mhc class II loci in the blackbird genome (Edwards, Nusser, and Gasper 1999) and the likelihood that concerted evolution occurs at relatively high rates in the class II genes of birds (Edwards, Wakeland, and Potts 1995; Wittzell et al. 1999 ). Thus, another major goal of this study was to survey diversity at a single avian class II Mhc locus, which has only been accomplished thus far for chickens (Zoorob et al. 1993 ).
Materials and Methods

PCR, Cloning, and Sequencing
High-molecular-weight genomic DNA was obtained from 17 individual blackbirds from 4 populations in Florida (n ϭ 7), Kentucky (n ϭ 6), New York (n ϭ 3), and Colorado (n ϭ 1). Polymerase chain reaction (PCR) primers were designed to discriminate between the intron 2 sequence of Agph-DAB1 and that of another blackbird class II B gene, Agph-DAB2 (S. V. Edwards, unpublished data). The two primers Ex2F.2 (5Ј-ATGCC-MAGYRCWGGAACAGCGAC) and Int2R.6 (5Ј-ATT-GGGAATAGACCGGGAAT) amplify a 337-bp product spanning 89 bp of the 3Ј end of exon 2 and 248 bp of the 5Ј end of intron 2. The exon 2 region includes the majority of the ␣-helical region and includes 11 codons which encode residues known to contact processed peptides in a human class II protein (Brown et al. 1993) . In total, these data represent about one third of the entire second exon and 65% of the second intron .
Products from PCR were blunt-end-ligated into the pCR2.1 vector and transformed into INV␣FЈ cells from the TA cloning kit (Invitrogen). Twenty positive colonies per individual were chosen and screened via PCR for presence of the correct insert. A total of 96 clones were sequenced with the M13 forward and reverse primers on an ABI 373A automated sequencer using dye terminator chemistry. The sequences of all cloned inserts were determined in both the forward and the reverse directions. Additionally, sequences from two to eight clones found to be identical within each individual determined the consensus sequence of each haplotype. The sequences were aligned manually using the computer application SeqPup (Gilbert 1996) and have been deposited in the GenBank nucleotide database (accession numbers AF105404-AF105420 and AF133292-AF133297).
Data Analysis
To quantify polymorphism, we calculated the average number of pairwise differences between sequences (k; Tajima 1983 ) and the number of segregating sites (S) using the computer application DnaSP (Rozas and Rozas 1997) . Nucleotide diversity () was determined by dividing k by the number of sites. Additionally, the parameter M of Watterson (1975) was estimated from S; this value was also divided by the number of sites for comparison between regions, as we applied these measures to the exon and the to intron separately. Plotting the distribution of nucleotide diversity across the exonintron boundary is useful for detecting the spatial heterogeneity of polymorphism caused by selection and recombination (Hudson and Kaplan 1988) . To accomplish this, was measured within sliding windows of constant length whose midpoints were moved by 1 bp along the entire sequence, with pairwise removal of alignment gaps. The optimal window size for detecting nonrandom variation in a region of DNA sequence was determined by the method of Tajima (1991) .
Under the neutral infinite-sites model, the mutation parameter 4N e ( is the mutation rate) predicts the expected value of both k and S. If a locus is selectively neutral, M ϭ k. If there is significant deviation from this expectation, the action of selective forces can be inferred (Tajima 1989) . The D statistic of Tajima (1989) tests the null hypothesis that k Ϫ M ϭ 0. If D Ͻ 0, mutant alleles occur at low frequency and most of the mutations occur in the external branches of the genealogy, a pattern consistent with directional selection. If D Ͼ 0, mutant alleles occur at high frequencies and most of the mutations occur in internal branches of the genealogy, a pattern consistent with balancing selection.
The linked-polymorphism hypothesis of Mhc evolution predicts that D Ͼ 0 in both the exon and the intron. Null distributions of D, given the number of segregating sites and the sample size, were generated by the Monte Carlo simulation method of Hudson (1990) to determine the statistical significance of the observed D value at the ␣ ϭ 0.05 level with 1,000 replicates. Takahata (1990) demonstrated that the shape of the genealogy of strongly balanced lines will not necessarily deviate from that expected under neutrality; rather, it is the timescale of the balanced genealogy that will be elongated by a factor that depends on the selection coefficient in a symmetric, overdominant scenario (Takahata 1990, eq. 15). To study this possibility, genealogies of the exon and intron were estimated in order to detect possible differences in levels of divergence between all alleles. Genealogies were reconstructed using a standard phylogenetic Markov chain model of base substitution as implemented in the computer applications DNAML and DNAMLK (Felsenstein 1995) . A test for constancy of rates among branches was performed with a likelihood ratio test whereby twice the difference in log likelihoods is assumed to follow a chi-square distribution with n Ϫ 2 degrees of freedom, where n is the number of tips in the genealogical trees. Klein et al. (1990) .
Results
Sequences and Polymorphism
In total, we sequenced an average of five clones (range, three to eight) per individual. No more than two sequence types were obtained from a single individual, providing strong evidence that we amplified a single locus. A total of 23 different exon-intron haplotypes were present in the sample of 34 chromosomes. By this cloning scheme, 9 of 17 blackbirds were observed to be heterozygous. For most individuals, five to eight clones were sequenced, resulting in at least a 94% chance of detecting both copies. However, only three clones were sequenced from the Colorado individual; although only a single sequence was retrieved, no inference was made as to whether this bird was either homozygous or heterozygous because of the lower probability of detecting both alleles. Thus, a total of 33 sequences were utilized in subsequent estimates of population variation. The full alignment was 337 bp, including two sequences which contained a single-base indel and one which had two single-base indels relative to the others ( fig. 1 ). There were a total of 58 polymorphic sites in the entire 337-bp region (17%), excluding the three indels. The sequencing revealed a total of eight alleles that differed at the amino acid level, two of which occurred at high frequencies, corresponding to sequence types 1a (42.42%) and 5 (30.30%) in Edwards, Gasper, and March (1998) . These two alleles exhibit observed differences at 29.6% of amino acid positions and 20.2% of nucleotide positions. Four of the nine putative heterozygotes carried both of the divergent alleles.
Because many of the rare exon alleles differ from the common types by only a single nonsynonymous substitution, the samples are hereafter referred to as belonging to ''allelic lineages'' 1 and 5, following the allele numbering scheme of Edwards, Gasper, and March (1998) . However, Agph-DAB1*18 and Agph-DAB1*10 appear to be the result of gene conversion events. Agph-DAB*10 is similar to lineage 1 sequences, except at nucleotide positions 62-65, where it is identical to lineage 5 sequences ( fig. 1) . Agph-DAB1*18 resembles lineage 5 alleles, but is identical to lineage 1 alleles in a patchwork consisting of sites 7, 17-18, 36, and, again, 62-65 . These recombinant alleles were excluded from the calculation of Tajima's D statistic (M. Slatkin, personal communication) .
To further characterize patterns of polymorphism, the data were partitioned in accordance with lineages 1 Jukes and Cantor (1969) . M per site is calculated by the finite-sites model of Tajima (1996) . Definitions of all values can be found in the Materials and Methods section of the text. and 5, which can also be equated with the ''mutant allelic classes'' designation of recent population genetics models (Slatkin 1996) . Table 1 summarizes the measures of polymorphism in the intron and exon separately, both within and between lineages. The nucleotide diversity () is over five times as high between exon lineages as between the corresponding intron sequences. More importantly, the silent nucleotide diversity in the exon ( ϭ 0.101) is also higher than the intron nucleotide diversity ( ϭ 0.018) by a factor of 5. We employed a heteroscedastic one-tailed t-test to detect significant increases in in silent exon sites in order to correct for unequal variances that may be caused by balancing selection in the exon (F ϭ 14.296). The null hypothesis that the pairwise silent exon diversity is equal to or less than the intron diversity is rejected (t ϭ 16.174, P Ͻ 0.05, df ϭ 528).
Selection and Recombination
The neutrality test of Tajima (1989) rejects the null hypothesis that the polymorphism of exon 2 (D ϭ 1.986) could be generated by random drift alone (P ϭ 0.016). The observation that D Ͼ 0 in the exon suggests a pattern consistent with a balanced polymorphism in this region. The test also rejects the null hypothesis that random drift alone acts on the intron (P ϭ 0.017). The fact that D ϭ Ϫ1.747 in the intron indicates an excess of rare mutations, an unexpected result if the intron has been linked to a balanced polymorphism existing in the population for many generations. Thus, we can infer that most of the mutations observed in the intron occur on the external branches of the genealogy, rather than on deeper branches, and that the genealogy itself is starlike in shape. This pattern suggests either rapid population expansion or directional selection, the former being a more likely cause of this pattern in a noncoding region. This contrast of patterns of polymorphism indicates that the evolutionary histories of these two regions are independent of one another.
The two major allelic lineages and the two recombinant forms constitute the four distinct sequence types when only the 11 PBR codons surveyed here are considered. The nucleotide diversity of PBR replacement sites is 0.104 (0.130 per silent PBR site) based on the Nei and Gojobori (1986) method of determining silent and replacement codon sites using the computer application DnaSP. This yields a mean ratio of replacement to silent substitutions of 0.800. While this pattern is not consistent with the effects of positive selection acting on the PBR codons, it is potentially biased by the small number of silent PBR sites under examination. If we extrapolate and include data from all PBR codons from the corresponding alleles (1a and 5) from Edwards, Gasper, and March (1998) , the replacement-to-silent ratio becomes 3.33. If we assume the extrapolated ratio as a measure of selection intensity, the scaling factor of Takahata (1990) is 8.855. Thus, we expect that these PBR alleles had a common ancestor approximately 35N e generations ago. Figure 2A and B illustrates the spatial distribution of observed nucleotide diversity across the exon-intron boundary and demonstrates the rapid decline in diversity across it. The comparisons of spatial nucleotide diversity within lineages show that there is a peak in the intron just downstream of the exon-intron boundary, especially within lineage 5 ( fig. 2D and table 1 ). This observation might suggest that potential recombination breakpoints are not directly on the boundary of the exon and intron, but, rather, extend about 20-30 bases into the intron. This conclusion is substantiated by a maximum-likelihood analysis of spatial phylogenetic variation as measured by the computer program PLATO (Grassly and Holmes 1997) . The result of this analysis implicates positions 1-157, a region that includes 19% of the 5Ј end of the intron, as evolving anomolously relative to the remaining 180 bp. A compatibility matrix ( fig. 3 ) clusters these events between base positions 65 and 110, around the exon-intron boundary at base position 90 (Jakobsen and Easteal 1996) .
The genealogies (fig. 4) show a marked difference in the amount of divergence for the two regions. Constancy of rates among branches was not rejected in either tree at the ␣ ϭ 0.05 level of significance. Thus, we have depicted the genealogies which assume the same substitution rate in all branches. The divergence of the exon 2 samples is approximately four times as great as that of the intron 2 samples. Perhaps even more striking, however, is the observation that identical intron sequences (i.e., Agph-DAB1*07 and Agph-DAB1*11) are associated with divergent exon alleles from lineages 1 and 5. This observation also implies a recent recombination event between these two haplotypes or their ancestors. (Jackobsen and Eastel 1996) . Filled squares represent pairs of sites which are phylogenetically incompatible. In the exon, the putative conversion tracts are identified, and regions around the exon-intron boundary correspond to regions of high within-lineage polymorphism.
1604 Garrigan and Edwards   FIG. 4. -Maximum-likelihood reconstructions of allelic genealogies for (A) exon 2 (lnL ϭ Ϫ269.24) and (B) intron 2 (lnL ϭ Ϫ655.97); tips labeled in bold with a bullet represent samples associated with exon lineage 5. Genealogies were constructed under the assumption of constancy of rates among branches. The topological congruence test of Kishino and Hasegawa (1989) rejects the hypotheses that each tree is congruent with the other data set (P Ͻ 0.01). Genealogies are rooted at the same position as they are when reconstructed with Agph-DAB2 as an outgroup (not shown).
An estimation of the neutral recombination parameter 4N e c (c is the rate of recombination per gamete per generation) was made by the method of Hudson (1987) . Also, the analogous parameter ␥ (Hey and Wakeley 1997) was estimated, using the computer application SITES, because of a lower bias for small segments of sequence. The time back until a recombination event in these samples will be exponentially distributed with mean 2N/(1 ϩ 4N e c) (Hudson 1990 ). Hudson's method yields 4N e c ϭ 8.545, very similar to ␥ ϭ 8.509. Hence, the average time until a pair of sequences experiences a recombination is 0.21N e generations. The relative ratio of c/ ϭ 0.560 is small and may be an artifact of for balanced lines being overestimated by the neutral model (Hudson 1987) .
Discussion
There is strong evidence that these data do indeed represent a single class II Mhc locus and thus provide a first glimpse into the polymorphism of such a gene in songbirds. Although the DNA segment we have surveyed is relatively short and covers only about one third of the second exon, it nonetheless spans a critical boundary for the interpretation of Mhc evolution. The reduced divergence between the intron sequences which flank the PBR exon is not consistent with a pattern expected under complete linkage to a balanced polymorphism. The divergence among introns is significantly lower than the silent divergence among exons. Furthermore, the rapid decay of polymorphism across the exon-intron boundary suggests the action of recombination or gene conversion in the exon. However, recombination appears to be occurring well into the intron, rather than only at the exon-intron boundary. These patterns may be explained by invoking either of two scenarios. The first is that intraallelic recombination has disassociated the intron sequence, and a single intron allele has recently reached fixation. The second is that there are vastly different rates of mutation in the two regions.
The independent genealogical history of Agph-DAB1 introns, as compared with the exon 2 genealogical history, suggests that our samples may be the result of historical recombination or gene conversion events. Cereb, Hughes, and Yang (1997) found a very similar pattern in an HLA class I PBR exon and flanking introns and explained it by invoking recombination and subsequent fixation of introns by random drift. This process can easily be modeled by analogy to migration between two island subpopulations. If each exon lineage is considered a subpopulation, for what rate of intraallelic recombination or conversion (analogous to migration) will panmixia occur? This amounts to recombination swap- ping alleles back and forth between lineages, which can only occur in heterozygotes. Takahata and Satta (1998) suggested the use of an F st statistic to quantify the degree of interallelic differentiation present in a neutral region linked to a balanced polymorphism (Takahata and Satta 1998, eq. 8) . Table 2 illustrates the use of this statistic to show how recombination can break down this differentiation. As with migration, the subpopulations or lineages in linked, neutral regions will drift as a single population when N e c Ͼ 1. Thus, if selection has maintained the exon 2 alleles for approximately 35N e generations and recombination occurs between the exon and the intron, we would expect that the neutral intron will at some point in its history reach fixation. This predictive model seems to be able to explain the random scattering of lineages on the intron 2 genealogy ( fig. 4B ).
An alternate explanation for the dramatic difference in polymorphism in the exon and the intron is that the mutation rate is greatly elevated in the exon or, conversely, highly conserved in the intron. If the mutation rate is indeed elevated in the exon, then divergence times of exon alleles may be overestimated. We attempted to resolve this possibility by using the primers to amplify the same region in a closely related blackbird, Agelaius thilius, in order to calibrate a between-species rate of nucleotide substitution. However, no PCR product was obtained; hence, further work must be done to characterize the region in that species. Data from the human Mhc suggest equivalence of silent rates in class II B introns and exons. Satta, Mayer, and Klein (1996) have found that while human DRB introns evolve slowly (1 ϫ 10 Ϫ9 per site per year), the rate did not significantly differ from the rate of synonymous substitution in exon 2. Regardless, the fact that divergent exon alleles in our study share identical intron types argues against the theory that discrepancies in mutation rate alone are responsible for the observed pattern.
The Agph-DAB1*10 and Agph-DAB1*18 haplotypes are interesting examples of the patchwork pattern found in the second exons of many Mhc genes (Ohta 1997 ). This pattern is potentially the result of a series of intragenic gene conversion events. The elevated silent divergence in the exon over that in the intron is also consistent with recurrent gene conversion acting on the exon. Simulations performed by Ohta (1999) have demonstrated that the ratio of synonymous exon divergence to that of a linked intron will increase as the rate of either intragenic or intergenic conversion increases, a pattern consistent with our data.
Is the intron polymorphism greater than what we would expect for a truly neutral locus? If we utilize female red-winged blackbird population size approximations from the mtDNA data of Avise, Ball, and Arnold (1988; N ef ϭ 3.75 ϫ 10 4 ), then because A. phoeniceus is highly polygynous, we can estimate the total N e ഠ 5 ϫ 10 4 . If we also assume a conservatively high value of ϭ 1 ϫ 10 Ϫ8 in the intron, as in humans (Drake et al. 1998) , we would expect 4N e ϭ 0.002. This value is an order of magnitude smaller than our estimates for the intron, suggesting the extension of the recombination breakpoint into the intron.
Evidence from the murine Mhc demonstrates that homologous sequence similarity increases the frequency of meiotic crossing over (Sant'Angelo, Lafuse, and Passmore 1992; Yoshino et al. 1995) . It may thus be reasonable to postulate that regions of high heterozygosity serve as boundaries for crossing-over events. Sant'Angelo, Lafuse, and Passmore (1992) found that the breakpoint in recombinants occurs in the second intron of the Eb locus, about 100 bp from the boundary of the PBR exon. The distinction among this variety of forces potentially responsible for the observed pattern and magnitude of polymorphism in the intron proves difficult. However, with increasingly realistic models, additional data from the Agph-DAB1 gene, and data from another species, perhaps the distinction among these forces will come into focus.
